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Distinction of normal B-lymphoid proliferations including precursors known as hematogones from acute lymphoblastic leukemia (ALL) is
B-lymphocyte progenitor cells, so-called hematogones, and mature B lymphocytes are normal bone marrow constituents, which are more prominent in pediatric bone marrow. Although hematogones show a range in overall cell size, these morphologically distinctive cells characteristically exhibit highly condensed, uniform nuclear chromatin and scant cytoplasm. By using immunophenotype, Blineage cells can be divided into 3 stages of differentiation from very immature cells (CD34+, terminal deoxynucleotidyl transferase [TdT]-positive) to intermediately differentiated cells (CD10+, CD19+) to mature CD20+, surface immunoglobulin (SIg)-positive B cells. [1] [2] [3] [4] [5] [6] Hematogones correspond to the immature and intermediately differentiated B-cell precursors identified immunophenotypically.
In some circumstances, the number of hematogones in the bone marrow is increased greatly, especially in children recovering from chemotherapy, aplastic conditions, other forms of bone marrow injury, and nonhematopoietic disorders. [1] [2] [3] [4] 7 These cellular populations are especially problematic when identified in the bone marrow specimens of children after therapy for acute lymphoblastic leukemia (ALL), since hematogones can resemble malignant lymphoblasts by their morphologic features and by expression of an immature B-cell phenotype. 1, [8] [9] [10] [11] [12] Accurate distinction of hematogone-rich lymphoid regeneration from leukemic lymphoblasts is clearly critical for patient care.
We undertook the present study to assist the practicing pathologist in the decision-making process when hematogones are suspected by morphologic examination. We sought to identify useful architectural and immunophenotypic features that most reliably differentiate hematogone-rich lymphoid populations from leukemic lymphoblasts. Previous studies on hematogones in the bone marrow typically have included only a single-parameter assessment; we integrated morphologic examination, multiparameter flow cytometry, and immunohistochemical parameters to determine the features most useful for distinguishing hematogones from lymphoblasts. We analyzed the flow cytometry data and calculated the proportion of immature and mature B cells present, as a reflection of population heterogeneity and maturation. Adhesion molecule expression also was studied to determine whether the single-cell distribution of hematogones in bone marrow clot sections as previously described could be linked with a particular antigenic pattern. 13 Finally, we extended our previous immunohistochemical work 13 on CD34 and TdT staining of hematogone populations in clot sections to include CD20, CD99, and CD3.
Materials and Methods
Case Selection
Twenty-seven bone marrow samples with substantial numbers of hematogones from 21 children were identified retrospectively at the University of New Mexico Department of Pathology (Albuquerque). For 12 samples with florid hematogone proliferations, cryopreserved cell suspensions were available for flow cytometric studies. For 25 samples, adequate material was available for paraffin clot section immunohistochemistry. Seven diagnostic samples from children with B-precursor ALL were used as flow cytometry controls, including diagnostic samples from 3 patients who subsequently had increased hematogone populations that also were included in the study group. The clinical charts of all of the children were reviewed to determine their current disease status.
Morphologic Review
Wright-Giemsa-stained bone marrow aspirate smears were reviewed by 1 or 2 of us (K.F., C.P.L.). The aspirate smear containing the greatest proportion of lymphoid cells was selected, and a bone marrow differential count, including the percentage of bone marrow hematogones, lymphocytes, blasts, and other cells, was performed. The morphologic hallmarks that were used to identify hematogones in this study were their uniform, highly condensed nuclear chromatin with inconspicuous nucleoli and their characteristically scant cytoplasm. Cases in which morphologically identified hematogones constituted 25% or more of bone marrow cells were included in the study.
Flow Cytometric Immunophenotyping
Five-parameter (3-color) flow cytometry was used for all antigens studied except TdT. Ficoll-separated cryopreserved cell suspensions were defrosted in a mixture of RPMI and 20% fetal calf serum and then washed to remove dimethyl sulfoxide. Following a second wash with phosphate-buffered saline, the cells were incubated with directly conjugated monoclonal antibodies at the manufacturers' recommended concentrations for 30 minutes at room temperature, washed twice in phosphate-buffered saline with 0.2% sodium azide, and resuspended in Isoton II (Becton Dickinson, San Jose, CA).
Antibodies for flow cytometry included CD3, CD20, CD22, CD34, CD38, CD44, CD54, CD11a, CD49d, and kappa and lambda light chains (Becton Dickinson); CD10, CD19, and CD79b (Pharmingen); and TdT (Supertech, Bethesda, MD). To allow B-cell gating in subsequent analysis, each tube included a pan-B-cell antibody (CD19, CD20, CD22, or CD79b), as well as other antibodies of interest. CD19 was the pan-B-cell antibody used for analysis of adhesion molecule expression, CD22 for CD10 and CD38 expression, CD20 for kappa and lambda expression, and CD79b for CD34 expression. For TdT detection, cells were stained with CD19, permeabilized using the Fix-N-Perm kit (Caltag, Burlingame, CA), and subsequently stained with TdT.
Three-color data acquisition was performed using the Lysis II program on a FACScan instrument (Becton Dickinson). Analysis was performed using Paint-a-Gate software (Becton Dickinson). In each case, gating was performed on the low side-scatter cells that expressed the pan-B antigen included in that analysis tube. The proportion of bone marrow B cells expressing different maturation antigens was calculated as the percentage of total CD19+ B cells.
Immunohistochemistry
Immunohistochemistry was performed on B-5-fixed bone marrow clot sections. Antibodies for immunohistochemistry included CD34 (Qbend10, Immunotech, Westbrook, ME), TdT (Supertech), CD99 (Mic-2, DAKO, Carpinteria, CA), and CD3 (Becton Dickinson). Tissue sections underwent antigen retrieval by microwaving (Classic Collection II, Samsung, Fairfield, NJ) on high power (power setting 10) for 7 minutes followed by 12 minutes on low power (power setting 4) in citrate buffer, pH 6.0. 14 Slides were stained on an automated immunostainer (Ventana ES, Ventana Medical Systems, Tucson, AZ) using the manufacturer's paraffin protocol. Primary antibodies were followed by the Ventana proprietary mixture of secondary antibodies, streptavidin-horse radish peroxidase, and diaminobenzidine as the color substrate. Slides were counterstained with the manufacturer's hematoxylin and © American Society of Clinical Pathologists coverslips applied using an automated instrument (Coveraid, Tissue-Tek, Torrance, CA).
The immunohistochemical staining pattern of each case was assessed by 2 or 3 pathologists (L.M.R., C.P.L., and/or K.F.). The number of positively stained cells in 5 high-power fields (×400) was counted, and the number of positive cells per field was calculated. For cases in which the count in 5 fields exceeded 500 cells, the number of positive cells per field was expressed as >100. In addition, the number of positively stained cells in the largest contiguous group (largest cluster) was noted in each case.
Statistical Analysis
The Fisher exact test was used to calculate differences in the frequency of expression of different antigens between hematogone-rich cases and ALL control cases.
Results
Clinical and Morphologic Features
Twenty-seven archival bone marrow specimens containing 25% or more hematogones identified by morphologic review from 21 children were identified. The diagnoses for the 27 cases were as follows: ALL in remission, 21 samples from 15 children; pure RBC aplasia, 3 children; regenerative bone marrow after unknown probable viral injury, 1 child; hereditary spherocytosis, 1 child; and amegakaryocytic thrombocytopenia, 1 child. The children were from 6 months to 13.5 years old and included 12 boys and 9 girls ❚Table 1❚. Clinical chart review revealed that none of the children with a benign diagnosis at the time of the bone marrow aspiration developed ALL. Of the 15 children with hematogone-rich bone marrow specimens that were detected after chemotherapy for ALL, 12 remain in remission, 2 experienced subsequent bone marrow relapse more than 12 months after the hematogone-rich bone marrow (patients 17 and 19), and 1 experienced isolated testicular relapse 8 months later and is now in a second remission (patient 10).
By definition, all the bone marrow aspirates included in the study showed at least 25% hematogones (range, 25%-72%; median, 37%). Mature lymphocytes were much less frequent (range, 0%-12%; median, 6%). The morphologic hallmarks that were used to identify hematogones were their uniform, highly condensed nuclear chromatin with inconspicuous nucleoli and their characteristically scant cytoplasm. Hematogone size was variable; large and small hematogones were identified. ❚Image 1❚ illustrates the morphologic features of the hematogones and the similarity of large hematogones to some leukemic lymphoblasts. In addition to the percentage of hematogones and lymphocytes in each bone marrow specimen, the percentage of bone marrow blasts (myeloblasts and lymphoblasts) was assessed. The blast count in all cases was less than 5% in all cases (range, 0%-4%; median, 1%). The cellularity in the bone marrow specimens as judged by clot sections ranged from 20% to 95% (median, 70%).
Flow Cytometry of B-Cell Populations Containing Hematogones
There was a broad range in the total percentage of CD19+ B-lineage cells in the hematogone-rich bone marrow specimens, varying from 20% to more than 80% (median, 43%) of the total cells in the low side-scatter (nongranulated cell) gate. When these B-lineage cells were specifically gated and analyzed for expression of different maturation antigens, we found a range of differentiation among the hematogonerich cases from very immature TdT-positive B-lineage cells to CD20+ SIg-positive B cells.
In each case, CD22 expression closely mirrored CD19 expression, indicating that both antigens were expressed on all the B-lineage cells examined. The largest subset of these B-lineage cells included cells that expressed CD10; 10 of 12 cases expressed CD10 in more than two thirds of the CD19+, CD22+ cells ❚Table 2❚. CD20 also was expressed on a substantial fraction of the B-lineage cells identified; 26% to 95% (median, 56%) of B-lineage cells were CD20+. These CD20+ cells included a majority that expressed polytypic surface light chains, as well as a substantial fraction that were SIg-negative ❚Figure 1❚. As expected, the intensity of staining with CD20 was lower among the SIg-negative than among the SIg-positive cells. Very immature B cells, expressing TdT and CD34, were the least frequent B-cell population found. TdT-positive, CD19+ cells accounted for only 0% to 18% (median, 9%) of B-lineage cells ❚Figure 2❚, and in no cases did these very immature B-lineage cells outnumber the proportion of mature CD20+, SIg-positive cells. The percentage of CD34+ cells in the agranular gate, most of which were surface CD79b-, closely mirrored that for TdT.
In contrast with the spectrum of B-cell differentiation among the hematogone-rich bone marrow specimens, the 7 ALL control specimens analyzed showed a predominance of immature B-lineage cells, with a substantial percentage (39%-100%) of TdT-positive B cells identified (Figure 2 ). Unlike the hematogone cases, there was a paucity of mature SIg-positive B cells present in these ALL samples (Figure 1) . Thus, these ALL cases lacked the maturational spectrum, including the presence of a substantial proportion of mature B cells, which was seen in all the hematogone cases.
We found a heterogeneous pattern of adhesion molecule expression on the CD19+ B-lineage cells in the hematogone-rich bone marrow specimens. In all cases, most (>80%) of the CD19+ cells expressed CD11a and CD49d. In contrast, CD44 and CD54 expression was much more variable; CD44 was expressed on 7% to 78% of CD19+ B cells (median, 35%) and CD54 on 39% to 67% of CD19+ B cells (median, 51%). In addition, in each case, B-cell populations expressing all possible antigen combinations (CD44+ and CD54+, CD44-and CD54+, CD44+ and CD54-, CD44-and CD54-) could be identified. In particular, a CD44-, CD54-, CD19+ population constituting more than 20% of bone marrow B cells was identified in 11 of 12 cases (Table  2 ). In 10 of 12 cases, no single CD44-CD54 antigen combination exceeded 50% of the CD19+ B-lineage cells present ❚Figure 3❚, highlighting the heterogeneity of expression of CD44 and CD54 among hematogone-rich cases.
Bone Marrow Architectural Pattern
Immunohistochemistry with CD34, TdT, CD20, and CD99/Mic-2 on bone marrow clot sections was used to study the proportion of mature and immature B cells within the bone marrow and their tissue distribution. We noted a wide range in the number of cells per high-power field stained with each antibody ❚Table 3❚. However, despite the wide range of positive cells found in different cases, in almost all cases, the proportion of mature CD20+ B cells exceeded the number of immature (CD34+ or TdT-positive) cells. In 23 of 25 cases, the number of CD20+ cells exceeded the number of CD34+ cells, with a median of 4.4 times more CD20+ than CD34+ cells in each case. Similarly, the number of CD20+ cells per high-power field exceeded the number of TdT-positive cells in 16 of 18 cases (median, 4.6 times more CD20+ than TdT-positive cells per high-power field). ❚Image 2❚ illustrates a typical case that shows a relatively higher number of CD20+ than CD34+ or TdT-positive cells in a similar field. These findings concurred with the flow cytometry data for the same antigens; the proportion of CD20+ more mature B-lineage cells in each case exceeded that of the TdT-positive, CD34+, more immature cells ( Table 2) . Examination of interobserver variability showed that all pathologists found similar relative proportions of CD20-, TdT-, and CD34-staining cells in each case, even if the total number of cells Immunohistochemistry demonstrated that in hematogone-rich B-cell populations, the most immature cells consistently were distributed diffusely within the bone marrow without clusters of more than 5 contiguous CD34+ or TdT-positive cells (Table 3) . Larger clusters of up to 8 contiguous CD20+ cells were identified in a few (3/26) of the study cases. Interobserver agreement on cluster size was good; all 3 pathologists independently agreed that there were no large clusters (>5 cells) of immature CD34+ or TdT-positive cells in any of the hematogone-rich cases.
CD3+ T cells were present only in small clusters of 3 or fewer in study cases and ALL control cases. CD99 (Mic-2), which is commonly used in the diagnosis of ALL and primitive neuroectodermal tumors, stained myeloid precursors and endothelium, thus making this marker unsuitable for identification of immature lymphoid cells in clot sections. Cell counts for this antigen, therefore, are not included in the data summary.
Comparison of B-Lineage Proliferations Containing Hematogones and ALL
Our analysis of hematogone-rich bone marrow specimens showed a complete maturational spectrum of B cells, from very immature cells to mature, SIg-positive B cells. In contrast, when we examined 7 control specimens from cases of ALL, we found a predominance of immature B-lineage cells, with a substantial percentage (39%-100%) of TdT-positive B cells (Table 2) . Unlike the hematogone cases, there was a paucity of mature SIg-positive B cells in these ALL samples. Thus, the ALL cases lacked the maturational spectrum, including the presence of a substantial proportion of mature B cells, that was seen in all cases with hematogones. We analyzed the proportion of B-lineage (CD19+) cells at different stages of maturation among the hematogone-rich cases and the ALL cases to determine whether quantitative measures could be used to assess the differences in the maturation spectrum observed, which would help distinguish hematogone-rich and ALL specimens. When we analyzed the proportion of the more mature B-lineage cells, we found that in 10 of 12 hematogone-rich cases, more than 20% of the B-lineage cells were SIg-positive, in contrast with none of the ALL cases (P < .001). In addition, in all hematogonerich cases, more than 25% of marrow B cells expressed CD20 (with or without SIg), in contrast with only 1 of 7 cases of ALL (P < .001) ❚Table 4❚ (Figure 1 ). While more mature B cells were present in hematogone-rich than in ALL cases, the converse was true when we examined markers of B-cell immaturity. In the hematogone-rich cases, very immature TdT-positive B-lineage cells made up less than 20% of B-lineage cells, in contrast with the ALL cases in which TdT-positive cells generally predominated (P < .001) (Tables 2 and 4, Figure 2) . By using the combination of these 3 parameters (percentages of CD20+ B cells, SIg-positive B cells, and TdT-positive B cells), we were able to discriminate between ALL blasts and hematogone-rich specimens in all cases tested.
When we compared the pattern of expression of adhesion molecules in hematogone-rich bone marrow specimens and specimens from ALL cases, we found a greater degree of heterogeneity in the expression of CD44 and CD54 among the hematogone-rich cases than in the ALL control cases. Among the hematogone-rich cases, subsets of B-lineage cells that expressed CD44, CD54, or both were identified, as were subsets of cells that lacked 1 or both antigens. In 10 of 12 cases, no single CD44-CD54 subset constituted more than 50% of the B-lineage population, while in 11 of 12 cases, more than 20% of B cells lacked expression of either CD44 or CD54. In contrast, the pattern of expression of CD44 and CD54 was more homogeneous among the ALL cases. The majority of ALL cases expressed a single predominant phenotype; for example 4 of 6 cases showed a predominant CD44-, CD54+ pattern, while 1 was CD44+, CD54+, and only 1 showed a more heterogeneous pattern of antigen expression with no single subset predominating. Interestingly, the significant population (>20% of CD19+ cells) of CD44-, CD54-cells found among the hematogone-rich cases was found in only 1 of 6 ALL cases (P < .01) (Tables 2 and 4, Figure 3 ).
When we compared immunohistochemical staining patterns of hematogone-rich bone marrow specimens with ALL cases, findings mirrored our findings by flow cytometry. Among the hematogone-rich cases, there was a higher proportion of more mature B-lineage cells, demonstrated by a larger proportion of CD20+ cells compared with TdTpositive, CD34+ cells in almost all marrow specimens (Table 4) , while among the ALL control cases, the proportion of immature CD34+ cells was higher compared with CD20+ cells. We found TdT expression by immunohistochemistry in only 3 of 6 ALL cases, possibly owing to problems of antigen preservation, thus making this immature marker less reliable than CD34 in our hands for distinguishing hematogone cases from ALL cases. When we examined the architectural distribution of immature cells in the hematogone-rich bone marrow specimens, we found the most immature cells consistently were dispersed diffusely within the bone marrow without clusters of more than 5 cells of CD34+ or TdT-positive cells in any of the 25 study cases examined. This is in contrast to findings of previous work on minimal residual disease or early relapse ALL in which clusters of CD34+, TdT-positive cells were found in 6 of 9 cases. 13 
Discussion
Cells with hematogone morphologic features are seen as part of the benign expansion of normal B-lymphoid progenitor cells present in a variety of aplastic or reactive bone marrow conditions. While a morphologic and immunophenotypic overlap exists between hematogones and leukemic lymphoblasts, we demonstrate that morphologic review combined with evaluation of immunophenotypic characteristics and architectural distribution in the bone marrow can help distinguish hematogone from residual leukemic blasts.
Our immunophenotypic studies of the B cells in hematogone-rich bone marrow specimens found a spectrum of B-cell maturation. In each case, there was a relatively small proportion of very immature, TdT-positive, CD34+ B cells, a predominant fraction of CD10+, TdT-negative, SIgnegative cells, some of which expressed CD20, and another substantial fraction of mature SIg-positive B cells. These findings are similar to previous studies evaluating the phenotype of hematogones by flow cytometry. [1] [2] [3] [4] [5] [6] [7] [8] [9] In contrast, the ALL samples consistently expressed a more immature, but homogeneous, immunophenotype, with the majority of cases expressing TdT, CD34, or both. These differences in antigen expression between hematogone and ALL blasts have been well described and can be exploited in minimal residual disease studies to detect small numbers of abnormal cells. [8] [9] [10] [11] [12] 15, 16 In the present study, we attempted to develop a reproducible way to quantify the differentiation spectrum of hematogones compared with leukemic blasts. We found that in almost all hematogone-rich cases, more than 25% of the marrow B cells were CD20+, including 20% of marrow B cells that expressed SIg. This was in contrast with ALL cases, which rarely expressed CD20 or SIg on a substantial proportion of B cells. In contrast, the hematogone-rich cases showed a low proportion of TdT-positive, CD34+ B cells (<20% in all cases) compared with the much higher frequency of expression of these antigens in ALL cases. Thus, these simple calculations to derive a "maturation index" of B-lineage cells in the marrow may help differentiate leukemic blasts from florid hematogone proliferations. Further studies on larger numbers of patients will help determine how consistently useful this method is for the analysis of hematogone-rich bone marrow specimens.
Rimsza et al 13 identified clustering of small numbers of leukemic blasts by immunohistochemistry in the bone marrow specimens of patients with ALL in morphologic remission who subsequently experienced relapse. In contrast, our preliminary studies failed to show clustering of hematogone within the bone marrow. Since clustering of ALL blasts is likely due to cell-cell interactions, and since adhesion defects have been described in leukemic cells, 17 we studied our cases with a panel of antibodies that recognized cell adhesion molecules known to be expressed on leukemic cells. [18] [19] [20] [21] We found a marked heterogeneity of expression of the adhesion molecules, CD44 (the fibronectin-hyaluronic acid receptor) and CD54 (the intercellular adhesion molecule, ICAM-1), among hematogone-rich cases compared with ALL control cases. Of particular interest, we found a significant (P < .01) population of CD44-, CD54-B cells, constituting more than 20% of the B-cell population, in all hematogone cases but in only 1 ALL control case. Thus, the presence of this subpopulation seems to be another useful discriminator between hematogones and leukemic blasts. The heterogeneity of adhesion antigen expression on hematogones may explain in part their lack of bone marrow clustering compared with ALL cases.
All of the immunohistochemical staining in the present study was performed on bone marrow clot sections, demonstrating the usefulness of this material, which retains bone marrow tissue architecture while avoiding the performance of a core biopsy. In previous work, 6 of 9 cases of early ALL relapse exhibited clusters of more than 5 CD34+ or TdT-positive cells. 13 This is in contrast with the diffusely distributed single cells or small groups of 2 to 3 CD34+ or TdT-positive cells seen in the hematogone-rich cases. 13 The finding of dispersed CD34+, TdT-positive cells without clustering among hematogone-rich cases was confirmed in the present larger study. Others 22 also have studied the pattern of CD34 staining in normal and regenerating bone marrow core biopsy specimens and found that CD34+ cells (of unspecified lineage) were isolated and randomly distributed but never arranged in aggregates; these findings agree with our data. We conclude that the presence or absence of clustering of the immature cells is a useful architectural criterion to distinguish hematogones from leukemic lymphoblasts. In addition, immunohistochemistry on paraffin clot sections revealed an excess of CD20+ cells over CD34+ or TdT-positive cells in the majority of cases, a finding that correlated with the flow cytometric data. Unlike TdT or CD34 assessment, these CD20+ B cells exhibited clustering in hematogone-rich cases. Thus, immunohistochemistry on routinely fixed bone marrow specimens seems
